The development of high-performance ion conducting polymers requires a comprehensive multi-scale understanding of the connection between ion-polymer associations, ionic conductivity, and polymer mechanics. We present polymer networks based on dynamic metal-ligand coordination as model systems to illustrate this relationship. The molecular design of these materials allows for precise and independent control over the nature and concentration of ligand and metal, which are molecular properties critical for bulk ion conduction and polymer mechanics.
Introduction
Polymer networks with dynamic junctions are an important class of materials based on non-covalent interactions such as hydrogen bonds, 1, 2 electrostatic forces, 3, 4 metal-ligand coordination, 5, 6 host-guest complexation, 7, 8 van der Waals forces, 9 and protein associations 10 . In contrast to their permanently crosslinked counterparts, dynamic polymer networks have physical associations with relatively weak binding energies (i.e.,  kBT) so that thermal fluctuations or external stimuli enable breakage and reformation on time scales suitable for engineering materials. 11, 12 Dynamic polymer networks find numerous applications in energy conversion and storage, 13 thermoplastics, 14 and medicine 15 due to the toughness provided by the energy-dissipating physical associations. [16] [17] [18] Given that the lability of physical associations is intimately coupled to the time-dependent bulk properties of dynamic polymer networks, it is essential to understand their role in polymer relaxation mechanisms on timescales relevant to the design of high-performance functional materials.
Dynamic polymer networks exhibit distinct viscoelastic behavior compared to polymer melts. 12, 19, 20 Under deformation these materials behave as elastic rubbers at times shorter than the lifetime of a physical crosslink, but exhibit liquid flow on longer timescales because of microscopic polymer chain diffusion enabled by the breakage of a few crosslinks. The resulting linear viscoelastic response is characterized by longer terminal relaxation times and an increase in plateau modulus relative to polymer melts. Pioneering work on model poly (4-vinylpyridine) crosslinked with N,C,N-pincer Pd (II) and Pt (II) complexes demonstrates that the low strain, frequency-dependent dynamic moduli are dictated by the dissociation rate of physical associations as determined by NMR spectroscopy in dilute solution. 6, 21 This and complementary investigations on hydrogels with coiled-coils, 22 bis(histidine)-Ni 2+ , 23, 24 and hydrazone 25 crosslinks support the argument that the exchange rate of physical associations governs the relaxation dynamics of these materials as long as the timescale of exchange is faster than that of other competing processes (e.g., polymer diffusion). Nonetheless, elucidating the quantitative interconnection between the lifetime of the physical associations and the bulk viscoelastic properties of polymer networks still remains a challenge. 26 The lack of accurate quantitative prediction partially results from the approximation of the exchange rate of physical associations to the dissociation rate of small molecule complexes in dilute solution, a gross oversimplification that neglects important energetic and kinetic effects resulting from solvation, chain connectivity, and cooperativity. Groundbreaking investigations on model poly(N,N-dimethylacrylamide) functionalized with histidine and crosslinked with Ni 2+ illustrate differences in the rates of dissociation and exchange of physical associations in polymer networks. 27 This motivates inspection not only of other time-dependent properties known to be coupled to polymer dynamics (e.g., ionic conductivity), but also of the cooperative and synergistic effects that arise on dynamic responses upon changes in network structure.
Ion transport in polymers is influenced by ion-polymer associations (i.e., solvation) that reversibly break and form on timescales coupling conduction to polymer segmental dynamics.
This results from excluded volume interactions requiring polymer segments to accommodate space upon ion motion. 28 The coupling between polymer dynamics and ion transport is an essential feature which distinguishes ion conducting polymers from dilute liquid electrolytes. Due to the nucleophilic nature of conventional polymer electrolytes such as poly(ethylene oxide), long-range cation transport must involve dissociative steps that facilitate hoping between neighboring solvating sites, as polymer segmental motion arising from local reorientation enables only shortrange motion within limited regions of space. Thus, only cations that form labile bonds with a polymer can have significant contributions to the ionic conductivity. The mechanism of ion conduction for anions is fundamentally different, as these do not form strong bonds with polymers so their motion depends primarily on local dynamics such as in concentrated liquid electrolytes, 29 or multicomponent inert gases. 30 Dynamic polymer networks based on kinetically labile metal-ligand coordination serve as model systems to develop a multi-scale picture between ion-polymer associations, ionic conductivity, and polymer mechanics. The nature and concentration of ligand and metal can be tuned in these materials to enable not only spanning a range of physical association energies, but also controlling the concentration of both elastically active strands and ions known to be critical in the bulk mechanical and conducting properties. In particular, polymers based on imidazole and histidine ligands are interesting due to a preexisting understanding of the reactivity 31 and interactions with transition metal ions in chemical and biological systems. 32 Investigations of these materials have primarily focused on quaternized imidazolium [33] [34] [35] [36] [37] [38] [39] and histammonium [40] [41] [42] ions (i.e., polymerized ionic liquids), yet imidazole and histidine moieties are capable of interacting with alkali, alkaline earth, and transition metal ions thus promoting salt dissociation and influencing the ion conducting and mechanical properties ( Figure 1 ). From a materials chemistry standpoint, these materials constitute macromolecular analogues of chelating ionic liquids, a set of concentrated electrolytes known to solubilize ions such as Zn 2+ due to metal-ligand coordination.
43 Figure 1 . Salt solvation and metal-ligand coordination are coupled due to chemical equilibrium. Based on Le Chatelier's principle, metal-ligand coordination also promotes salt dissociation. This not only translates into a higher concentration of ions, but also on the formation of dynamic crosslinks with important consequences on polymer mechanics. The model system investigated is based on polymers with tethered imidazole ligands, nickel (II) cations (Ni 2+ ), and bis(trifluoromethylsulfonyl)imide anions (NTf2 -). The number of imidazole moieties coordinating the Ni 2+ is defined as the coordination number (z). The geometries (z = 1 to 4) are only depicted for illustrative purposes.
We present here, an investigation of the ion conducting and mechanical properties of dynamic polymer networks based on metal-ligand coordination. A combination of ring opening anionic copolymerization, thiol-ene click chemistry, and ligand chemistry is used to rationally design materials for elucidation of structure-property relationships. In particular, we focus on the effect of concentration of nickel (II) bis(trifluoromethylsulfonyl)imide salt on the ion conducting and mechanical properties of a poly(ethylene oxide) with tethered imidazole ligands. Upon physically crosslinking with Ni 2+ , dynamic polymer networks exhibit an increase in elastic modulus of an order of magnitude, and a maximum in ionic conductivity presumably due to the tradeoff between ion concentration and ion mobility. The demonstrated relationship between mechanics, ion conduction, and metal-ligand coordination illustrates design rules for the development of novel ion conducting polymers. As opposed to composites based on structural insulating agents (e.g., polymer nanocomposites or block copolymers), 44, 45 incorporation of transition metal ions into polymers with tethered ligand moieties allows for bulk mechanical reinforcement with beneficial effects on ion transport.
Experimental Section

Materials
All materials were used as received from Sigma-Aldrich unless otherwise noted. CDCl3
and methanol-d4 were purchased from Cambridge Isotope Laboratories; acetonitrile, hexanes, methanol, and isopropyl alcohol from BDH Chemicals; allyl glycidyl ether (AGE) from TCI America; and anhydrous nickel (II) bis(trifluoromethylsulfonylimide) from Alfa Aesar.
Tetrahydrofuran (THF) was collected from a commercial J. C. Meyer dry solvent system and used immediately thereafter. AGE was dried over butyl magnesium chloride, degassed through three freeze-pump-thaw cycles, and further distilled to a flame-dried receiving flask. Ethylene oxide (EO) was degassed through three freeze-pump-thaw cycles, and further distilled to a flame-dried buret immersed in an ice bath until use. Potassium naphthalenide was prepared from potassium and naphthalene in THF (0.3 M) and stirred with a glass-coated stir bar for 24 h before use.
Synthesis of N-(2-(1H-Imidazol-1-yl)propyl)-4-mercaptobutanamide (Im-SH)
The synthesis of Im-SH was adapted from Lundberg et al. 46 In a 250 mL round-bottom flask equipped with a Teflon TM -coated stir bar and a condenser, 1-(3-aminopropyl)imidazole (10.0 g, 79.9 mmol), γ-thiobutyrolactone (8.2 g, 80.2 mmol), and acetonitrile (135 mL) were added.
The reaction was heated to 95 o C and allowed to proceed for 12 h. The reaction was cooled to room temperature, and the resulting pale yellow liquid isolated by evaporation in vacuo.
Synthesis of Poly[(ethylene oxide)-stat-(allyl glycidyl ether)] (PEO-stat-PAGE)
The copolymerization of EO and AGE was adapted from Lee et al. 47 Separate burets containing THF and EO were connected to a thick-walled glass reactor fitted with Ace threads. MHz. The molecular weight of the precursor PEO-stat-PAGE was determined using 1 H NMR endgroup analysis ( Figure S3 ). This spectrum is collected in CDCl3 at a polymer concentration of 60 mg.mL -1 with 128 scans and a pulse delay time of 5 s.
General Protocol for PIGE-Ni 2+ Sample Preparation
All polymer samples were kept rigorously dry throughout the described experiments.
Polymer samples were prepared in an inert nitrogen atmosphere by casting solutions of PIGE-Ni Traces of water and methanol in a representative PIGE-Ni 2+ sample were below detection limits of both Karl-Fischer titration and solid-state 1 H NMR.
Thermal Characterization
Polymer samples were cast as described above into standard aluminum pans. The samples were sealed, and characterized with a Perkin Elmer DSC 8000 to measure the glass transition temperature (Tg) on second heating at 20 o C.min -1 using the onset method.
Mechanical Characterization
The rheology of the samples was characterized using 8 mm stainless steel parallel plates in C or Tg and master curves were generated using horizontal shift factors. The elastic modulus was defined as G' at the frequency at which G" exhibits a local minimum (i.e., local maximum in tan(δ)). The terminal relaxation time was determined at the frequency at which the power-law fit of the complex viscosity intersects the zero-shear viscosity.
Electrochemical Impedance Spectroscopy
Polymer samples were prepared as described above by casting into ¼'' clean circular indium tin oxide (ITO) substrates top-coated with a 150 μm Kapton spacer. The samples were sealed with clean ITO substrates and characterized with a Biologic SP-200 potentiostat.
Transparent ITO/glass electrodes were used to assure the absence of bubbles and proper interfacial contact during in situ conductivity measurements. A sinusoidal voltage with amplitude 100 mV was applied in the frequency range of 1 Hz -1 MHz. Ionic conductivity, in the absence of concentration gradients, was determined from the real component of the complex conductivity at the peak frequency in tan(δ) arising from the conversion of complex impedance into dielectric storage and loss. 48 This method is equivalent to determining the ionic conductivity from the impedance at the abscissa intercept of a Nyquist plot. Note that the materials presented herein contain two types of mobile ions: bis(trifluoromethylsulfonyl)imide anions (i.e., NTf2 -) and Ni
2+
cations, and the contributions to the current (i.e., transference number) from each of them will depend on the operating conditions of the electrochemical device.
29, 49
Results and Discussion
Molecular Design
Ion transport in dynamic polymer networks based on metal-ligand coordination is anticipated to be intimately coupled to salt dissociation, ion-polymer associations, and polymer segmental dynamics ( Figure 1 ). The incorporation of ligands in a polymer of low dielectric constant promotes salt dissociation to enhance both the ionic conductivity and elastic modulus via formation of labile bonds that serve as dynamic crosslinks. The relatively weak binding energies of these crosslinks enable breakage and formation on timescales that not only hinder polymer diffusion, but also affect ion transport. Although the bulk mechanical and ion conducting properties are influenced by the lifetime of metal-ligand bonds, the underlying molecular mechanisms associated with polymer diffusion and ion transport are different. The former requires the successive breaking of various crosslinks to allow a polymer chain to diffuse; 12, 19, 20 whereas the latter appears to be a more convoluted effect between ion concentration, mobility, and solvation. 28 To elucidate the relationship between ion conduction, mechanics, and metal-ligand coordination, we engineered a polymer with ligand moieties covalently bonded to the backbone and capable of facilitating salt dissociation by forming dynamic crosslinks. The molecular properties that we sought to control are the nature and concentration of ligand and metal, as these dictate the lability and lifetime of the crosslinks. This was achieved on a mixture of poly(ethylene oxide) with tethered imidazole moieties and nickel (II) bis(trifluoromethylsulfonyl) imide salt. The complexation between Ni 2+ and imidazole is anticipated to be the primary interaction dictating the mechanical and ion conducting properties, since the formation of Ni 2+ -imidazole complexes is thermodynamically favored relative to Ni 2+ -crown ethers. 32, 50 The weak electrostatic interactions
resulting from large and charge-delocalized ions resemble that of chelating ionic liquids, yielding 'plasticized' and amorphous polymers which even at high concentrations exhibit low glass transition temperatures (i.e., Tg). These materials constitute the metal-ligand analogues of proton and hydroxide conducting polymers involving Brønsted acid-base pairs, and are suitable to elucidate structure-property relationships at high ion concentrations due to the thermal processability enabled by sub-ambient Tg.
The synthesis of ion conducting dynamic polymer networks is based on a combination of ionic copolymerization, click chemistry, and metal-ligand interactions (Scheme 1). First, the imidazole functionalized copolymer (i.e., PEO-stat-PIGE) was synthesized using epoxide ring opening anionic copolymerization of ethylene oxide (EO) and allyl glycidyl ether (AGE), followed by UV activated thiol-ene click chemistry of N-(2-(1H-Imidazol-4-yl)propyl)-4- The molecular properties and thermal transitions of the various PIGE-Ni 2+ are summarized in Table 1 . Scheme 1. Molecular design strategy allows for fine and independent control over the properties expected to have an important effect on metal-ligand coordination, ion conduction, and polymer mechanics: ligand and metal concentration, and identity. This is respectively achieved by levering the relative amounts of co-monomers in anionic polymerization, the ratio of metal to ligand, the cation in the NTf2 -salt, and the nucleophilicity of the aromatic ring of the thiol undergoing click chemistry.
Linear Viscoelastic Response
Metal-ligand coordination bonds between Ni 2+ and imidazole crosslink the PIGE-Ni 2+ and induce a dramatic change in the bulk mechanical properties. The linear viscoelastic response of these materials is characteristic of associated polymers, with a significant increase in the terminal relaxation time (i.e. slower diffusion) and an enhancement in the plateau modulus relative to equivalent polymers without associating groups ( Figure 2) . 12, 19, 20 Associative polymers exhibit signature features in their dynamic mechanical moduli, including a plateau modulus at high frequencies, a crossover of the storage (G') and loss (G'') moduli, and terminal relaxation with scaling of G' ~ ω 2 and G'' ~ ω. Deviations from this liquid-like scaling observed in PIGE-Ni 2+ (G' ~ ω 0.9 and G'' ~ ω 0.7 ) are attributed to a restricted experimentally accessible low frequency window and hindered polymer diffusion (i.e., sticky reptation). This terminal behavior is analogous to that of hydrogels based on histidine-functionalized poly(N,N-dimethylacrylamide) crosslinked with Ni 2+52 and ionomers based on polyethers and sulfonated phthalates with sodium counterions. 53 The contributions of entanglements to the linear viscoelastic response are neglected due to the absence of a rubbery plateau in neat PIGE. This assertion is further supported by the rheology master curves generated using Tg as the reference temperature ( Figure S6) ( Figure 3c ). An important underlying assumption behind these assertions is that intramolecular complexation reactions that yield network defects are negligible, an oversimplification that is 55 Given that the probability of simultaneous dissociation of all imidazole-Ni 2+ bonds on a polymer chain is negligible, the terminal relaxation signature for PIGE-Ni 2+ networks presumably result from the partial and sequential release of the physical associations. PIGE-Ni 2+ networks with a sufficient ion concentration (i.e., r > 0.121) exhibit a terminal relaxation time with a scaling τ ~ r 10.4 experimentally obtained from a least-square regression power-law fit. Attempts to compare this observation with theory are not straightforward due to the unknown number of physical associations in polymers based on metal-ligand coordination. This difficulty arises from the microstructure of materials with both ionic groups that can associate into clusters of various sizes and shapes, 56 and metal-ligand complexes that can adopt a range of geometries with distinct lifetimes. 57 From a theoretical standpoint there are also important limitations, such as the inability to account for stress relaxation mechanisms beyond the formation and breakage of physical associations (e.g., solvation, fluctuations in tube length, and constraint release) in the calculation of the linear viscoelastic response. 58 Nonetheless, the reported increase in terminal relaxation time demonstrates control over the mechanical properties of polymer networks via incorporation of a transition metal ion crosslinker. The ImnNi 2+ crosslinks reinforce the material as revealed by an 8-fold increase in the plateau modulus Ge (■). The plateau modulus was defined as G' at the frequency at which G'' exhibits a local minimum (i.e., local maximum in tan(δ)). Interestingly, the molar fraction of ImnNi 2+ species that contribute to the formation of elastically active strands, xe, (-) and Ge plateau at approximately the same r ≈ 0.160. This suggests that changes in coordination geometry have a negligible impact in the number of elastically active strands and in the polymer stiffness. (c) The terminal relaxation time, , (■) increases due to larger friction resulting from ion-polymer interactions between the uncoordinated Ni 2+ cation (-), poly(ethylene oxide) backbone, and imidazole moieties. The terminal relaxation time was determined at the frequency at which the power-law fit of the complex viscosity (η * ) intersects the plateau zero-shear viscosity (η0). The scaling experimentally obtained from a least-squares regression power-law fit is τ ~ r 10.4 . 
Linear Dielectric Response
The incorporation of Ni 2+ and NTF2 -ions in PIGE generates a change in the bulk ion conducting properties. The linear dielectric response of these materials is characteristic of ion conducting polymers with a notable enhancement in the ionic conductivity relative to equivalent polymers without ions (Figure 4 ). The frequency-dependent conductivity exhibits a plateau ionic conductivity at high frequencies (σdc), a crossover in the real (σ') and imaginary (σ") conductivity, and terminal relaxation associated with electrode polarization. Note that an important fraction of the electric dipoles are directly associated with the incorporated Ni 2+ and NTf2 -ions, but some result from either impurities or uneven electron density distributions in covalent bonds between carbon and heteroatoms. Thus, the presence of a σdc in neat PIGE is attributed to ionic impurities residual from the polymer synthesis (e.g., potassium naphthalenide). The effect on σdc upon incorporation of Ni(NTf2)2 demonstrates that mechanical reinforcement of polymers via metal-ligand coordination also has important consequences on functional material properties such as the ionic conductivity. Figure 4 . Dielectric response of dynamic polymer networks changes upon incorporation of Ni(NTf2) due to salt dissociation. Real (σ') and imaginary (σ") part of the complex conductivity as a function of frequency. The direct current conductivity (σdc) was defined as σ' at the frequency at which σ'' exhibits a local minimum (i.e., local maximum in tan(δ)). The inset shows a schematic of the in situ conductivity measurement cell comprised of the polymer in between two ITO/glass transparent electrodes, separated by 150 μm Kapton spacer.
The maximum in ionic conductivity as a function of salt content reveals the tradeoff between increasing ion concentration and decreasing ion mobility (Figure 5a ). Upon incorporation of Ni(NTf2); there is an enhancement in salt dissociation and an increase in the concentration of ions due to Le Chatelier's principle of chemical equilibrium. However, the formation of metalligand complexes also imposes restrictions on polymer segmental dynamics as measured by an increase in Tg (Table 1) ; a change detrimental for the ion mobility because polymers need to accommodate space upon ion motion. Thus, upon normalization by Tg (i.e. comparison with a fixed difference in temperature and Tg, as measured by calorimetry) there is a monotonic increase in the ionic conductivity with ion concentration (Figure 5b ). This observation is consistent with that reported for chemically crosslinked ion-conducting networks generated from copolymerization of ionic liquid monomers with varying contents of multi-functional crosslinkers, 59 and polymer electrolytes based on PEO and LiNTf2. 51 Although the complexation of Ni 2+ by imidazole moieties couples ion transport to the polymer segmental dynamics, this does not translate into a single NTf2 -conductor, such as polymerized ionic liquids based on imidazolium, [33] [34] [35] [36] [37] [38] [39] as the kinetically labile nature of metal-ligand coordination bonds allows for bond breakage and formation on time scales that could facilitate long-range Ni 2+ transport as long as the operating temperature is above Tg. A more quantitative relationship between ion content and mobility is currently under investigation and outside the scope of this work. Nonetheless, the presented results demonstrate a competition between ion concentration and bulk (i.e., continuum) ion mobility. A more detailed discussion on the effect of structural heterogeneities, presumably resulting from the incorporation of Ni(NTf2)2 on a PIGE of low dielectric constant, on the ionic mobility is included in the Supporting Information. Assuming that the primary impediment to molecular motion is entropic in nature (i.e., there is space available to move) rather than energetic (i.e., there is thermal energy to overcome an activation barrier), this observation suggests (i) that the fractional free volume available for motion is 30-40 % larger for ions than for polymers and (ii) the maximum in ionic conductivity corresponds to the salt concentration at which there is a larger difference in fractional free volume for ion conduction and polymer flow. Although there is disagreement as to which of several different data analysis gives the best value for the free volume, the aforementioned observation qualitatively suggests that ion transport and polymer self-diffusion are molecularly governed by processes with distinct relaxation times. The rigorous assessment of the extent of coupling between ion transport and polymer segmental dynamics requires evaluation of the ratio between the relaxation times, 62 yet the high frequency upturn in the real part of the conductivity is experimentally inaccessible (Figure 4 ). Further work is necessary not only to quantify the extent of coupling between ion and structural dynamics, but also to elucidate the molecular mechanisms of ion transport (i.e., hopping and molecular diffusion) that contribute to the conductivity and account for the observed differences in fractional free volume. Nonetheless, the illustrated discrepancy in the temperature dependence of the shift factors combined with a monotonic increase in the ionic conductivity upon normalization by Tg (Figure 5b ) reasserts the tradeoff between ion concentration and ion mobility which is critical to understand the relationship between metalligand coordination and bulk material properties. 
Conclusions
The incorporation of transition metal ions into polymers with tethered ligand moieties constitutes a design strategy for mechanically reinforcing polymers with beneficial effects for ion transport, as opposed to the detriments arising from structural but insulating domains intrinsic to polymer nanocomposites 45 or block copolymers. 44 The presented molecular design for ion conducting dynamic polymer networks allows for independent control over the nature and concentration of metal and ligand, and thus can be exploited to elucidate the interconnection between metal-ligand coordination, mechanics, and ion conduction. The formation of dynamic crosslinks upon incorporation of transition metal ions in polymers with tethered ligand moieties increases the number of elastically active strands, and enhances the plateau modulus by an order of magnitude. However, the associated restrictions in polymer segmental dynamics and ion mobility are detrimental for ion transport and yield a maximum in ionic conductivity. The different temperature dependence of the fluidity and ionic conductivity suggests that more fractional free volume is required for ion conduction than for polymer diffusion, yet further work is necessary to unravel the detailed mechanisms of ion and polymer motion that account for this observation.
Nonetheless, the demonstrated structure-property relationship illustrates a rational design rule for novel functional polymers with applications ranging from energy storage and conversion, to medicine.
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S2
Molecular Characterization
Synthesis of N-(2-1H-Imidazol-1-yl)propyl)-4-mercaptobutanamide (Im-SH)
Figure S1 The resulting polymer is PEO79-stat-PIGE368, which is consistent with the PEO79-stat-PIGE323
expected from conservation of moles. For the purposes of this investigation, we use PEO79-stat-PIGE323 as the 1 H NMR end-group analysis requires longer pulse delay times. The contributions of entanglements to the linear viscoelastic response are neglected due to the absence of a rubbery plateau in the neat PIGE. This assertion is further supported by Figure   S6 , where the mechanical spectra of the polymer melt and associated polymer network fail to collapse at all frequencies; an observation consistent with differences in topology and relaxation mechanisms governing the mechanical properties of these materials.
S5
Synthesis of Polymers based on Imidazole-Nickel Coordination (PIGE-Ni
2+ )
Percolation Theory and the Sol-Gel Transition
PIGE-Ni 2+ is a dynamic polymer network where chains are associated via physical interactions. Under a finite stress, the crosslinks eventually split, and the long-time behavior is always liquid-like. Thus, these materials do not have a strict sol-gel transition.
It is still interesting to consider PIGE-Ni 2+ as chemical networks and evaluate the sol-gel transition using percolation theory. In this case, we start from a dense system of linear chains (degree of polymerization N = NEO + NIGE ≫ 1) and we crosslink them. This is a similar scenario to the vulcanization of rubber. 2 In this situation, the functionality = becomes very large Percolation theory is a mean field theory that generally fails to describe the sol-gel transition of chemically crosslinked networks. The physical picture of this critical phenomenon is based on a "tree approximation", where topological defects such as loops or dangling chains arising from steric hindrances are neglected. This is evidently a gross oversimplification, as excluded volume interactions in a branched molecule are expected to be even stronger than in linear chains.
To understand why the theoretical prediction of the sol-gel transition of PIGE-Ni 2+ can be considered accurate, it is convenient to follow the formalism elegantly discussed by de Gennes 3 and estimate the number (P) of chains which presumably crosslink directly with one given chain in the melt. The volume spanned by one particular chain C is of order 3 = 3/2 3 , and the number of chains per unit volume is 1/ 3 . Any chain C' which has a good overlap with the volume 3 is certainly in direct contact at some points with C, the number of CC' contacts being of order 2 3 / 3~1/2 . Thus, the total number of chains C' probably attached to C is of order The molar fraction of ImnNi 2+ species that contribute to the formation of elastically active strands decreases, which should macroscopically translate into a loss of material elasticity.
Comparison between the Elastic Modulus and Sticky Reptation
The elastic modulus (i.e., Ge) experimentally determined for r = 0.195 is 7.7 MPa, a value higher than the 4.4 MPa predicted by the Sticky Reptation model. Although this difference between theory and experiment might appear inconsequential, the Sticky Reptation model unrealistically assumes that every imidazole is associated with a Ni 2+ ion and that there are no S10 topological network imperfections. Thus, Ge should be overestimated and careful inspection of the theory is required to reconcile it with experimental observations.
The high value of Ge suggests PIGE-Ni 2+ 19.5 has more network strands than those accounted for by simple macromers (i.e., approximately one IGE per five EO according to the stoichiometric ratio). Thus, we consider the case where both the chain pendants and the EO strands between IGE segments behave as elastically active strands ( Figure S8 ). This is possible since the pendant molecular weight (and presumably the size) is similar to that of the macromer. The result is a higher concentration of network strands with an associated modulus given by the equipartition theorem: = ( 1 + 2 ) . Here, ν1 and ν2 are respectively the density of network strands of the macromers and chain pendants, k is the Boltzmann constant, and T is the absolute temperature.
Calculation of the elastic modulus for this affine perfect networks yields Ge = 19 MPa, which satisfactorily overestimates the experimental measurement. Figure S8 : Chain pendants and macromers between IGE segments act as elastically active strands. Calculation within this affine perfect network framework yields an overestimated elastic modulus, consistent with the presence of both topological defects and imidazole ligands that do not form dynamic crosslinks based on metal-ligand coordination.
